In situ Attenuated Total reflectance infrared (ATR IR) spectroscopy is used to study the interaction between ethanol vapour and oxidised nanodiamond (ND) surfaces. On initial exposure an amorphous multilayer of adsorbed ethanol is observed, but over ca. 30 min a loss in intensity of ν(OH) and δ(OH) bands indicates a preferential binding of the ethanol -OH with the ND surface. Other spectral changes indicate ordering of the ethanol molecules on the surface and their confinement within the pores of the ND structure in specific conformations. Changes in the IR spectrum also suggest that vibrational frequencies of carbonyl groups on the ND surface are affected by the adsorption of ethanol and that surface-bound water is either displaced or involved in hydrogen-bonding with ethanol.
Introduction
Detonation nanodiamond (ND) is a powder composed of individual 5-10 nm diameter diamond nanoparticles. Due to the oxidative purification methods used during synthesis, the surface of the asreceived ND particle is typically highly functionalised with an array of oxygen-containing moieties including carboxylic acids, anhydrides, esters, lactones, ketones and alcohols. These surface groups have been characterised with Fourier transform infra-red (FTIR) [1] [2] [3] and Raman spectroscopy [4, 5] , X-ray photoelectron spectroscopy (XPS) [6] , and other techniques [7, 8] . An advantage of the rich surface chemistry of ND is that it is amenable to functionalisation, through established organic synthetic coupling chemistry or via non-covalent attachment of suitable reagents [9] . Many of the proposed applications of ND exploit the versatility offered by the complex surface chemistry of the particles [10] . Recent proposed uses of ND include as drug delivery vehicles [11] , strengthening components of polymer composites [12] , sorption agents in chromatography [13] and in humidity sensors [14] . In all of these examples, an understanding of the interaction between the surface of ND particles and a solvent environment is essential to their exploitation. Depending on surface functionalisation and environment the ND particles may interact more strongly with each other than with the solvent, leading to particle agglomeration, or preferential binding of adsorbates may take place in one solvent compared to another.
To better understand the properties of ND in solution it is therefore essential to determine how solvent molecules interact with the ND surface. In this study we use attenuated total reflectance (ATR) IR spectroscopy to monitor in situ the interaction between ethanol molecules and highly oxidised ND powders. The use of high surface area ND powders results in greater sensitivity of this technique to the structure and bonding at the ND interface [3] . Most previous studies concerning ND-solvent interactions have focussed on water [15] [16] [17] [18] [19] [20] , although surface adsorption studies of ionic liquids [21] , phospholipids [22] , proteins [23] and mineral oils [24] have also been reported. Adsorption of water on the ND surface has been investigated with FTIR spectroscopy [15] , Raman and photoluminescence spectroscopy [16] , X-ray absorption and emission spectroscopy [17] , permittivity measurements [18] , interferometry [19] and differential scanning calorimetry [20] . A particularly strong hydrogen-bonding interaction between oxidised ND and water has been identified, leading to the formation of a surface-confined nanophase of water. This layer of surface-bound water is estimated at ca. 0.5 nm thickness [19] and requires prolonged heating at temperatures of up to 200°C to be removed [15] .
In this study the interaction of ethanol vapour with ND powder is investigated. Unlike water, ethanol molecules have hydrophobic, nonpolar alkyl groups as well as polar, hydrophilic -OH groups and so are likely to exhibit preferential orientation in how they interact with the ND surface and with each other. It is found that initial exposure of ND to ethanol vapours results in saturation of the surface with multilayers of amorphous 'liquid' alcohol. However, a restructuring of the adsorbed layers takes place within 30-40 min, with a loss of ethanol -OH vibrational modes suggesting strong hydrogen bonding to the ND surface, along with evidence of ethanol molecules becoming confined within the porous structure of the ND powder.
Experimental

Materials and instrumentation
ND (described as 10 nm mean particle size, N 97%) was purchased from Sigma-Aldrich (Dorset, England). Ethanol (N99.5%) was purchased from Merck (Darmstadt, Germany).
Mid-infrared spectra were recorded (100 scans) in ATR mode using a Bruker Tensor 27 FTIR spectrometer, fitted with a room temperature DLaTGS detector at 4 cm −1 resolution. The ATR accessory consisted of a diamond prism operating with one reflection. Background spectra were collected prior to each experiment (100 scans). The diamond prism was cleaned between each experiment by washing and wiping the prism, first with methanol, followed by iso-propanol and finally water. Whatman® 105 lens cleaning tissues 100 × 150 mm (Maidstone, England) were used for cleaning the ATR prism, which was thoroughly dried between each step with a stream of N 2 (house supply). A Carbolite MTF 1200 horizontal tube furnace was used to pre-treat and oxidise the ND sample. The temperature control unit and associated electronics were designed and built in house. TEM images were recorded using a Jeol JEM 2100 TEM with a 200 kV accelerating voltage using a LaB6 filament. Holey carbon film (50, S147A3) coated copper TEM grids were used as the nanoparticle support (Agar Scientific). Characterisation of the ND was carried out using XPS with a Thermo Scientific K-Alpha XPS system and a monochromated Al K-alpha source (E = 1486.6 eV). High resolution XPS spectra were processed and analysed using CasaXPS (version 2.3.16, Casa Software Ltd.). Spectra were fit with Gaussian-Lorentzian curves, the shape of all peaks is assumed to be 70% Gaussian and 30% Lorentzian after subtracting a Shirley background. The full width at half maximum of all deconvoluted peaks was set equal to the main C-C peak but absolute value was not constrained.
Experimental procedure
As received ND powder was treated in a furnace at 425°C for 4 h (including temperature ramp times, which were set at 10°C min −1 ) in air prior to all experiments. This was to remove any sp 2 graphitic carbon from the surface and maximise the number of oxygen terminating functional groups [4] . A ND suspension was prepared by adding the oxidised ND (1.50 μg) to deionised water (1.0 ml). The suspension was shaken and sonicated at low power, but no attempt was made to break up the primary aggregates or to produce a stable colloid. The clean, dry ATR-prism was drop-coated with the ND suspension (1 μl), which was left to dry in air to form an adherent layer before being characterised. It is difficult to determine the thickness of the resulting ND layer, but drop-coating onto similar surfaces produces relatively thick multilayers of ND powder aggregates of thickness N10 μm, as estimated from optical microscopy. As the IR evanescent wave penetrates up to 3 μm above the diamond ATR prism it therefore probes only the ND powder layer and not the region above. A glass gas cell was placed over the sample and dry air (1 l min −1 ) passed over the ND layer for 1 h. Dry air was prepared by passing the air from the in-house compressed air line through a filter and a desiccant. An IR spectrum was taken of the dry ND layer and this served as the background for all subsequent spectra. The air line was then switched to bubble through a solution of ethanol before entering the gas cell, thus passing ethanol vapour over the surface of the ND layer. The concentration of ethanol in the gas flow was not measured but the vapour is assumed to be close to saturated with ethanol. IR spectra were then recorded every 90 s for a period of 2 h.
Results
Characterisation of ND powders with ATR FTIR, TEM and XPS
A typical ATR FTIR spectrum for the drop-cast ND layers used in these experiments is shown in Fig. 1 a.
The spectrum shows a broad peak at 3380 cm [26] . This can be attributed to some charging of the insulating sample during the XPS experiment. The range of functional groups present is therefore consistent with those observed from ATR IR spectroscopy. The TEM image in Fig. 1 c shows that the individual ND particles on average around 5 nm in diameter and are highly aggregated. These aggregates cannot be broken up using the low-power sonication used in our sample preparation [25] and so it assumed that the drop-cast ND layer consists of aggregates of varying size with the primary aggregate being held together by strong attractive Coulombic attraction.
In situ ATR-IR studies of ND powder films in ethanol vapour
3.2.1. IR spectrum after 2 min exposure to ethanol vapour Fig. 2 shows different regions of the IR spectrum of the ND layer at t = 2 min and t = 60 min after first exposure to the ethanol vapour. Note that these spectra are difference spectra; they are recorded using the spectrum of the dry ND powder layer as the background so reflect changes at the ND surface after ethanol exposure. After 2 min of exposure the IR spectrum reveals bands consistent with those for liquid ethanol [27] and is remarkably similar to that reported for multilayer amorphous ethanol ices formed on highly orientated pyrolytic graphite at low temperatures (80 K) [28] . The time taken to record a scan is about 90 s, hence monolayer deposition or cluster deposition at isolated sites may take place over shorter time scales than we can measure; however it appears that multilayer adsorption of ethanol on ND dominates very quickly after initial exposure.
At t = 2 min, the 3750-2750 cm −1 region of the IR spectrum (Fig. 2 a) shows a broad band centred at 3325 cm −1 that can be assigned to the Table 1 , along with the position of bands observed for multilayer amorphous ethanol layers [28] and ethanol in inert gas matrices [29, 30] reported in previous studies.
Time dependence of IR response under ethanol vapour
Surprisingly, with increasing time of exposure to the ethanol vapour, the infrared bands for adsorbed ethanol decrease, rather than increase in intensity. In Fig. 3 the absorbance maximum relative to its value at t = 2 min (ΔA t /ΔA t = 2 min ) is plotted versus time for the ν(OH), ν(C-O) and ρ(CH 3 ) bands. The ν(C-O) and ρ(CH 3 ) bands show a similar relationship, whereby the absorbance decreases to ca. 55% of their original value over the 2 h of the experiment. Over the same time period the ν(OH) band undergoes a more drastic decrease in relative absorbance, reaching about 30% of its initial value within 30-40 min of exposure to ethanol. These observations suggest that although the ND surface is saturated immediately with multilayers of ethanol, there is no further accumulation after this initial deposition. In fact, it seems that the opposite is true; some ethanol desorbs from the surface during the course of the experiment. When the same experiment is carried out with a bare ATR prism (i.e. without the drop-coated layer of ND) the surface is likewise immediately saturated with multilayers of ethanol. However thereafter the intensity of the ethanol bands remains relatively constant over time, without the dramatic loss in intensity noted in the presence of ND.
Inspection of the IR spectrum for the ND layer after 60 min exposure to ethanol reveals that a change in composition of the adsorbed layer has taken place. As well as the clear loss of the ν(OH) band at 3325 cm −1 (Fig. 2 a) there is a less-clear concomitant loss in the weak δ(OH) band at 1323 cm −1 (Fig. 2 b) . Additionally, there is now a small band present at 3666 cm − 1 that does not appear in the spectrum at t = 2 min. The ν(CH 3 ) and ν(CH 2 ) regions also show changes; a clear shoulder is present at ca. 2995 cm
, to the high wavenumber side of the 2973 cm −1 peak. The peak at 2925 cm −1 is reduced in prominence and the broad peak at 2885 cm −1 at t = 2 min is now clearly resolved into 2 peaks at 2896 and 2875 cm − 1 . In Fig. 2 b the δ s (CH 3 ) band at 1380 cm −1 is reduced in magnitude and broadened to the higher wavenumber side by a new peak at ca. 1410 cm −1 . The τ(CH 2 ) peak at 1272 cm − 1 is less defined than at t = 2 min and broadened to the low wavenumber side; a new overlapping band is now present at ca. 1230 cm − 1 . In the ν(CO) and ρ(CH 3 ) regions (Fig. 2 c) . The positions of the peaks at t = 60 min are summarised in Table 1 . Additional spectra for t = 2 min to t = 120 min are available in Supplementary information.
Changes to the ND surface on exposure to ethanol vapours
As the IR spectrum of the dry ND layer prior to ethanol exposure is used as the background spectrum for these experiments, changes to the surface chemistry of the ND itself can be monitored as a function of ethanol exposure. Due to the strong absorbance of ethanol over most spectral ranges, changes attributed to the ND surface rather than adsorbed ethanol are difficult to distinguish. However, in the 1880-1550 cm −1 region of the IR spectrum the carbonyl stretches ν(C= O) of ND are detectable and ethanol vibrational modes are not present, hence spectral changes can be attributed to changes in ND surface bonding. Fig. 4 shows the difference IR spectrum of this region at t = 2 min after ethanol exposure. The dotted horizontal line shows the position of zero absorbance; hence it is clear that a decrease in absorbance compared to the dry ND is noted at ca. 1640 cm − 1 and 1850 cm − 1 and an increase in absorbance is seen at ca. 1780 cm −1 . Note that the IR bands in this region are very weak, as can be seen by contrasting the ΔA scale with those in Fig. 2 ; nonetheless the changes can clearly be observed above the background noise and the response is reproducible, being observed in 3 separate experiments. Unlike the bands attributed to adsorbed ethanol, the spectrum in this region does not change over time, being essentially identical at t = 2 min until t N 60 min.
Bands in the region 1700-1880 cm −1 can be attributed to ν(C=O) stretches of the carbonyl functionalities of the ND surface. Due to the complexity of the surface it is difficult to assign the spectral changes explicitly; however in general the species most likely to exhibit vibrational spectra above 1750 cm − 1 are esters and acid anhydrides [31] . The concomitant loss of the 1640 cm −1 band points to changes in surface hydrogen-bonding, as it represents the loss of the δ(OH) mode of surface-bound water [1] .
Discussion
At the high ethanol concentration used in this study, multilayers of adsorbed ethanol are formed on the ND powder surface immediately after first exposure. This observation is consistent with recent studies carried out with spherical, porous activated carbons [32] . At high ethanol vapour concentrations the uptake and adsorption of ethanol on oxygen-terminated activated carbons was shown to be highly dependent on pore capacity. Thus all available pore volume rapidly filled with the adsorbate, as the ethanol molecules have a strong affinity for each other and clustering is favoured. The ND powder layer used in this study is likewise of a highly porous structure, with BET measurements from similarly functionalised ND reporting majority (90%) absorption of N 2 within pores of average size 12 nm and 10% within pores of ca. 1 nm [33] . Therefore it is unsurprising that similar absorption behaviours should be observed for ND powders and other porous carbon materials.
Additionally it was noted for the oxidised amorphous carbons that a strong hydrogen-bonding interaction exists between ethanol molecules and the terminating oxygen functionalities of the carbon surface. In particular, the presence of surface carboxylic acid and anhydride groups lead to enhanced adsorption of ethanol [32] . The interaction is highly favoured thermodynamically, with measured desorption energies of 50-105 kJ mol
, as measured by temperature programmed desorption [34] . This strong interaction between surface functionalities and ethanol is also evident for the ND surface, in changes we observe in the IR spectrum as the restructuring of the ethanol layer takes place over 30 min. When the ethanol molecules first adsorb on the surface they interact with both the surface and with each other; however if hydrogen-bonding to specific surface functionalities is thermodynamically favoured the molecules will reorient themselves to maximise interactions with the surface. Thus the ethanol molecules nearest the ND surface will become orientated such that the -OH groups are hydrogen-bonding with the ND surface, leaving the hydrophobic -C 2 H 5 portions pointing away from the surface. Further from the surface ethanol molecules must interact with the surface-bound monolayer via dispersion forces, which are weak and easily overcome at ambient temperature and pressure. Therefore the more weakly bound ethanol molecules, not directly interacting with the ND surface, are likely to desorb over time and this partly explains the loss in ethanol absorbance over the first 30 min of the experiment (Fig. 3) .
Decreases in IR absorbance over time will also result from the changes in orientation or ordering of the ethanol molecules. The resulting changes in symmetry cause loss in intensity of some IR modes and allow new vibrational modes to become IR active. The rapid and irreversible loss of the 3325 cm −1 ν(OH) and 1323 cm −1 δ(OH) bands indicates that an interaction between the -OH group of the ethanol and the ND is taking place, consistent with strong hydrogen-bonding of this group to the surface. As well as hydrogen-bonding, direct reaction of the ethanol molecule with the ND surface functional groups could also explain the loss of the ν(OH) and δ(OH) IR modes. On metal oxide surfaces, such as Al 2 O 3 and MgO, adsorbed ethoxide species are identified by distinctive IR ν(CO) stretches at ca. 1125 cm − 1 [35] .
Formation of such species requires basic surface groups that can deprotonate the ethanol and a metal centre coordination site for the resulting ethoxide. In the case of the ND used in this study, we cannot detect by XPS a sufficient availability of metal centres that would support such a coordination and the ethoxide ν(CO) stretch is not observed at 1125 cm − 1 . Therefore it seems unlikely that a surface bound ethoxide species is formed and loss of the OH vibrational modes is unlikely to be related to such a reaction. Another explanation for the loss of the OH bands is a nucleophilic addition of the ethanol molecule to ND surface anhydrides, with resulting formation of an ester. Inspection of the ν(C = O) spectral region (Fig. 4) shows small changes indicating that vibrational frequencies of ND surface carbonyl groups are altered on exposure to ethanol. It is clear, therefore that an interaction between some surface functionalities and the adsorbate takes place. One interpretation of the observed changes could be a loss of anhydride species (1850 cm −1 ) and gain of ester (1780 cm
−1
). This would suggest that a small amount of the adsorbed ethanol reacts with some surface anhydride groups almost immediately on adsorption. However, as there are no further changes over time, if such a reaction takes place it is not related to the structural changes associated with loss of the ν(OH) ethanol bands, as they take place over a longer timescale. The changes to the ν(C=O) region may also be attributed to changes in the hydrogen bonding environment at the ND surface, as increase or decrease in the strength of hydrogen-bonding can lead to shifts in the ν(C=O) wavenumber and intensity changes. The other change of note in this spectral region (Fig. 4) is the loss of the δ(OH) band for surface-bound water at ca. 1640 cm − 1 . Unless heated, a strongly bound nanophase of water remains associated with the ND surface and so is highly likely to present throughout these experiments [18] [19] [20] . Some bound water is likely to be associated with surface carbonyl functionalities, hence loss of the water on exposure to ethanol suggests either loss of those functionalities, displacement of water by ethanol, or an additional hydrogenbonding interaction between the bound water molecule and the ethanol, leading to loss of the δ(OH) water vibrational mode. The restructuring of the adsorbed ethanol layer over time is indicated by the emergence of new ethanol bands over time. The positions of the new ethanol bands are very similar to those reported for studies of ethanol prepared in Ar or N 2 matrices [29, 30] . In inert gas matrices the ethanol molecules are confined within the inert medium and therefore adopt different conformers: trans and gauche, depending on the orientation of the O-H bond relative to the rest of the molecule. The different molecular orientations, as well as 'wall' effects (how the molecules interact with the confining matrix) leads to distinctive splitting and shifting of IR bands, as listed in Table 1 . Additionally the ν(OH) stretch of 'free' (i.e. non-hydrogen bonded) OH is expected for molecules in this environment. The IR spectrum of the ND-adsorbed ethanol at t = 60 min seems to be a superposition of the spectra for multilayer ethanol and matrix-confined ethanol. The confinement of ethanol molecules in pores of hydrophobic carbonaceous materials has been wellstudied by different techniques [36, 37] and such confinement gives rise to preferred orientations of the ethanol molecule within the pores. For the ND powder layer in this study, it could be imagined that a porous ND structure coated with ethanol molecules would give rise to a network of hydrophobic pores. The ethanol molecules adsorbed in the ND surface will orient such that their -OH bonds are close to the ND surface and the -C 2 H 5 groups pointing away. If the entirety of the ND porous structure is covered with such a layer, this effectively leaves a network of pores with the hydrophobic -C 2 H 5 pointing outwards, resulting in an array of hydrophobic cavities (Fig. 5) . Ethanol molecules trapped within such pores would be expected to have similar IR spectra to those confined within Ar or N 2 matrices, as they are similarly confined and to show preference for different conformers. Hence the resulting IR spectrum at t = 60 min is a superposition of ethanol hydrogen-bonded to the ND surface functionalities/bound water, a further layer of amorphous multilayer ethanol and ethanol confined within pores with specific orientations.
Conclusions
This in situ study shows that ATR IR spectroscopy is an ideal technique with which to study the interaction of solvent molecules with ND surfaces. Here we have shown that ethanol shows preferential binding to the ND surface via the polar -OH group and that changes to the surface adsorbed layer take place over time that can be related to the ND functional groups and porous nature of the powder. Although ND is proposed for many high impact applications there is still much to understand about the interaction of these nanoparticles with their environment and particularly the solvent. We are presently undertaking studies to determine how other solvent molecules interaction with the ND surface and how the nature of the surface functional groups influences adsorption. As the surface of ND has many similarities to other forms of carbon, the conclusions from this study are applicable to oxidised nanocarbons in general, for example porous activated carbons and graphene oxide. Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.diamond.2015.11.001.
